Abstract Intestinal infection with Shiga toxin (Stx)-producing E.coli is a leading cause of hemolytic uremic syndrome and acute renal injury in otherwise healthy children in the US. Antibiotics are contraindicated and a therapeutic priority is agents that act intracellularly against the bacterial toxins that drive kidney injury. Our aim was to evaluate whether intravenous administration of a cellpermeable peptide (TVP) that binds to Stx2 will reduce disease severity and rescue juvenile baboons from a lethal Stx2 dose (50 ng/kg). TVP (5 mg/kg) was delivered i.v. simultaneously with toxin (prevention protocol) or at 6 or 24 h after toxin with daily 1 mg/kg supplements up to day 4 (rescue protocols). Biomarkers were monitored in blood and urine up to 28 days. TVP therapy resulted in either absence of clinical signs of acute kidney injury and normal urine output (prevention), or delayed and reduced BUN and creatinine levels (rescue) with concomitant survival. Delayed peptide administration significantly reduced thrombocytopenia, but surprisingly did not alter anemia even when monitored for 28 days in rescued survivors. This is the first successful cellpermeable therapeutic that counteracts Stx2 lethality in an animal model, which recapitulates many of the human responses to enteric infection.
Introduction
Development of hemolytic uremic syndrome (HUS) as a consequence of intestinal infection with Shiga toxin-producing enterohemorrhagic Escherichia coli (STEC) occurs in 5-15% of patients within the first 1-2 weeks after prodromal diarrhea. Children are particularly vulnerable, and in some patients HUS develops, characterized by thrombocytopenia, hemolytic anemia, and thrombotic microangiopathy. This is often accompanied by acute renal injury, necessitating hospitalization and frequently dialysis, and a mortality rate of 3-5% [1] . The most common STEC serotype globally is O157:H7, which came to US national attention in 1992 when over 500 restaurant customers consumed contaminated, undercooked hamburgers [2] . A massive 1996 outbreak in Japanese schoolchildren [3, 4] and the 2006 US recall of contaminated spinach [5] illustrate the continuing public health and economic impact of STEC strains.
Antibiotic treatment is not recommended for suspected or confirmed infection because it does not reduce the risk of HUS [6, 7] and may increase risk [8] . The latter is related to mechanisms that regulate expression of bacterial toxins Shiga toxin type-1 and -2 (Stx1, Stx2), the primary bacterial virulence factors that cause coagulopathy and organ damage [9] . STEC strains that secrete Stx2 are more frequently associated with more severe disease and development of HUS [10] [11] [12] .
Stx1 and Stx2 are AB-type ribosome-inactivating holotoxins, similar to Shiga toxin from Shigella dysenteriae serotype-1 and ricin from castor beans. The enzymatic A subunit and a cell-binding B subunit that organizes into pentamers recognize a globotriaosylceramide membrane receptor (Gb 3 , CD77) [13] . Internalized toxin-receptor complexes undergo retrograde transport to the endoplasmic reticulum via the Golgi apparatus where the A subunit Nglycosidase removes an adenine base from 28S ribosomal RNA to inhibit protein synthesis [14] . Other effects may arise from toxin activities, such as inducement of inflammatory responses in animal models [15] and patients [16, 17] , sub-lethal endothelial dysfunction [18] , and stress responses in susceptible cells [19, 20] .
Since antibiotics are contraindicated and little toxin antigen is detected in the circulation or stool [21] , agents that act intracellularly are a priority. This is underscored by the observation that toxins are detectable in patient intestinal epithelial cells, even in the absence of overt bacterial colonization [22] . In a novel approach, Nishikawa and colleagues synthesized a multivalent peptide library and identified cell-permeable tetravalent peptides that bind to site 3 of the Stx2 B subunit [23] . The peptides had a 3-lysine core bifurcating at each end with peptide arms made from proline, lysine, and/or arginine. The peptides redirected internalized toxin to the lysosomal degradation pathway, thereby protecting cells from toxicity. When administered intragastrically on day 2 or 3, an acetylated tetravalent peptide [TVP; Ac-(PPPRRRR-AU) 4 -Lys 3 ] rescued mice from a lethal dose of E.coli O157:H7 [23] . This mode of administration inactivates Stx2 in the intestinal epithelium by inducing aberrant intracellular transport, preventing toxin distribution into the circulation [24] . Although TVP is cellpermeable, intravenous administration of the peptide does not rescue mice from a lethal enteric STEC challenge, and is effective only with oral administration [23, 24] , which may be a limitation in patients with hemorrhagic diarrhea.
Our nonhuman primate models of Stx1 and Stx2 toxemia develop a pathophysiology similar to that of patients. Unlike murine or porcine models, the baboons develop HUS with thrombocytopenia and hemolytic anemia, and acute kidney injury [12, 25, 26] . Because of these differences in animal models, we decided to evaluate the efficacy of the acetylated tetravalent peptide (TVP) with an intravenous administration using both prevention and rescue protocols. We monitored a comprehensive array of clinical and inflammatory indicators up to 28 days after challenge. We found that even delayed intravenous administration of TVP could rescue baboons from lethal Stx2 challenge, with resolution of hematology, physiologic, and inflammatory profiles and reduced acute kidney injury in the treated animals. [25] . In the Prevention Protocol (n=3), Stx2 (50 ng/kg;) was mixed with TVP peptide (5 mg/kg) and injected intravenously at T(0). No additional peptide was given after that time. In Rescue Protocols, Stx2 (50 ng/kg) was administered i.v. at T(0), and 5 mg/kg peptide was administered i.v. starting either at 6 h (n=3) or 24 h (n=4) after toxin challenge. Each day thereafter up to day 4, the baboons received one supplement i.v. dose of peptide (1 mg/kg). Blood and timed urine samples were obtained periodically. Animals were weighed daily and saline was infused for hydration based on criteria developed in previous studies [25, 26] . Prevention Protocol animals were euthanized at day 7 for tissue harvest. Surviving animals from Rescue Protocols (6/7) were monitored until day 28 to observe long-term trends. Survival curves were determined by Kaplan-Meier analysis and statistical differences using log-rank (Mantel-Cox) analyses. In accordance with the ethical use of nonhuman primates, a treatment group was considered complete when survival differences from untreated animals were detected at p≤0.05.
Methods

Reagents
Toxin challenge procedures
Animal studies were performed essentially as described [25, 27] . Briefly, juvenile baboons were sedated, orally intubated and anesthesia was maintained with sodium pentobarbital (5-10 mg/kg i.v.). A forearm cephalic vein catheter was used for day 0 infusion of toxin or toxin+TVP. A femoral vein catheter was inserted by venous cutdown and secured subcutaneously by an internal injection cap (Braun) where it remained for the rest of the study period and was used for TVP administration on days 1-4, blood draws, saline infusion, blood pressure monitoring, and anesthesia. Death is not an endpoint; baboons were euthanized according to established criteria if deemed necessary. All animals received prophylactic Baytril (enrofloxacin; 10 mg/kg i.m.) on day 0, and either Levaquin (levofloxacin; 3.5 mg/kg i.v.) or Baytril (10 mg/kg i.m.) each day over the experimental period. Urine was collected aseptically using a lubricated 6-FR silicon Foley catheter (Rusch). Existing urine was allowed to purge from the bladder for 10 min; a 20-min timed sample was then collected (ml/kg/h).
Sample analyses and normal baboon values
Urinalysis was done with Siemens Multistix 10 SG dipsticks. Fibrinogen levels (T0=100%) and activated partial thromboplastin clotting times (APTT) were determined using standard methods as described [25] . Complete blood counts (CBCs) were determined with a Horiba ABX Micros 60 hematology analyzer (Horiba, Irvine, CA). Blood smears were stained with Wright's stain; schistocyte counts were determined as percentages of 200 red blood cells. Plasma chemistry analyses (BUN, creatinine) were performed by IDEXX Laboratories (Westbrook, ME). 
Cytokine analyses
Plasma and urine cytokine levels were analyzed with xMAP multiplex fluorescent bead-based assays using a Luminex 200 IS system (Millipore, Billerica, MA), Luminex xPONENT software (Luminex, Austin, TX), and nonhuman primate cytokine panel kits (Millipore) as described [25] . Variation from T0 values were considered significantly different at p< 0.05 (Student'st test).
Results
Vero cells (monkey kidney epithelial cells) are sensitive to Shiga toxins and initial in vitro studies confirmed that synthetic TVP was cell permeable and that it protects Vero cells from Stx2. Immunofluorescence staining showed biotin-TVP distribution in the cytoplasm of monkey Vero cells (Fig. 1a) . Stx2 and Stx1 reduced Vero cell viability as expected and increasing TVP concentrations protected cells from Stx2 cytotoxicity, but had no effect on Stx1-mediated cell death (Fig. 1b) . These results are consistent with prior studies detailing toxin specificity and protective mechanism of TVP in Vero cells and intestinal epithelial cells [23, 24] .
Intravenous TVP administration improves survival after lethal Stx2 challenge
To test the in vivo efficacy of TVP administered intravenously, we designed different treatment protocols to compare with results obtained from animals challenged with only Stx2 (50 ng/kg) on day 0 (Fig. 2) . The Prevention Protocol evaluates consequences of a single dose of TVP and Stx2 administered simultaneously. The Rescue Protocols evaluate effects when peptide is administered 6 or 24 h after the lethal Stx2 dose with supplemental peptide administered up to day 4. Prevention Protocol animals were euthanized on day 7 for tissue harvest. Rescue Protocol animals were monitored until Day 28 to observe long-term trends.
Simultaneous i.v. administration of TVP (5 mg/kg) and Stx2 (50 ng/kg) at T(0) resulted in 100% survival and prevented lethality (3/3; p<0.01 compared to toxin alone; Fig. 3 ). When TVP administration was delayed and given at 6 h after toxin, followed by a lower supplement dose on days 1-4 (1 mg/kg), all animals were rescued and survived (3/3; p <0.01). When TVP was administered i.v. at 24 h after a lethal toxin dose, followed by supplemental lower doses, there was one euthanasia at 137 h (5.7 days), but all other animals were rescued and survived (3/4; p<0.003).
TVP reduces acute kidney injury due to Stx2
The kidney is a primary target organ during Stx2 toxemia, as judged by elevations in plasma BUN and creatinine, decreased urine output (Fig. 4a-c) , and elevated blood (hemoglobin) and All rescued animals were long-term survivors without clinical signs of acute kidney injury. *p<0.01, **p<0.003 compared to toxin alone protein in the urine (Fig. 5a, b) . TVP treatment simultaneously with toxin challenge prevented changes in these clinical signs of renal injury and urine output remained normal. Animals first treated with TVP at 6 or 24 h after toxin, had significant delays in rising BUN and creatinine levels (p<0.001) and normal urine output. No differences were observed between Rescue Protocol groups. Creatinine levels had normalized by day 14, but BUN values were slower to return to baseline, normalizing by day 14-21. Blood (homogenous pattern) and protein were detected in urine of rescued animals through day 7, although delayed by 1-2 days compared to Stx2 alone, particularly proteinuria (Fig. 5) . No urinary protein was detected in the next scheduled urine collection (day 10-14 depending on the animal).
Alteration of hematologic changes by TVP Changes in hematologic parameters are shown during the first 7 days (Fig. 6, left) and for Rescue Protocol survivors up to 28 days to show long-term trends (right). Stx2-induced thrombocytopenia was attenuated by TVP with significant differences due to peptide treatment emerging by 24 h (Fig. 6a, left) . Single-dose TVP at T(0) prevented thrombocytopenia, whereas delayed TVP administration in Rescue Protocols reduced the decline in platelet counts. No differences were detectable between Rescue Protocol groups. In rescued survivors, platelet counts returned to pre-challenge levels by day 10-14 and remained steady through day 28. Interestingly, TVP treatment had no effect on the anemia induced by Stx2 (Fig. 6b) . Red cell counts declined similarly in all animals, and anemia persisted through day 28 in all rescued survivors (Fig. 6b, right) , even though the animals appeared clinically healthy, and were eating, drinking, and behaving normally. Schistocyte counts increased modestly to 2.8% at day 4 in untreated Stx2 baboons and TVP treatment had no significant effect (data not shown). Early fibrinogen elevations were similar and plateaued by day 2-3 in treated animals, but differences from untreated animals did not reach significance (Fig. 6c, left) . Fibrinogen levels normalized in Rescue Protocol survivors after the first week (Fig. 6c,  right) . Prolongation of APTT clotting times was modest, plateaued at day 4-5 and were similar in animals who received only toxin and those who first received TVP at 24 h (Fig. 6d, left) . Earlier treatment with TVP either abrogated (Prevention Protocol) or significantly reduced (T6hrs Rescue Protocol; p<0.001) prolonged clotting times. Inflammation biomarkers were measured in plasma (Fig. 7 , left) and urine (right) up to day 7 after toxin challenge. Cytokines were not measured after day 7 in Rescue Protocol survivors. Of 19 biomarkers measured, only VEGF levels were remarkably different between plasma and urine (Fig. 7a) . There was no detectable plasma VEGF in any of the animals, but urine VEGF increased in untreated animals from day 2 until euthanasia. TVP either prevented urine VEGF increases (Prevention Protocol) or reduced it by day 4 (Rescue Protocols). Plasma IL-8 chemokine varied inconsistently (Fig. 7b ), but urine IL-8 levels were of interest. At day 3, urine IL-8 in all groups declined, then remained undetectable (Prevention) or rising again in the Rescue Protocol animals. The mechanism for this biphasic response is not known. Little TNFα was found in plasma or urine in any of the animals, whether treated or not (Fig.7c) .
Discussion
In this study we show that intravenous administration of a synthetic tetravalent peptide (TVP) designed to counteract Stx2 activity within susceptible cells is capable of rescuing baboons from an otherwise lethal dose of toxin. Even when TVP administration was delayed by 24 h, the survival rate and protection of organ function was substantial and significant. In other STEC animal models, delayed treatment with anti-toxins, such as antibodies [28, 29] or Gb 3 receptor mimetics [30] are beneficial and improve survival. However, unlike most other anti-toxin compounds, TVP is cell-permeable even in the absence of toxin ( Fig. 1 and  [23] ) and can complex with Stx2 within living cells [24] , so it has the potential to be effective long after toxin delivery. The kidneys were primary beneficiaries of TVP treatment as judged by complete absence of clinical signs of acute kidney injury in Prevention Protocol animals and significantly reduced injury in Rescue Protocol animals. Urine output remained normal, and BUN, creatinine, and urinalysis measures remained normal or considerably reduced despite challenge with a lethal Stx2 dose. Even years after hospitalization with diarrhea+HUS, 25-36% of children have one or more renal sequelae, which may be predicted by duration of oliguria (>10 days) or anuria (>5 days) [31] . Although we did not evaluate TVP efficacy beyond 24 h post-toxin challenge or monitor animals beyond 28 days, the observation that TVP effectively protected urine output suggests that this treatment may have long-term benefits.
Most patients have a fall in platelet counts during the first illness week and monitoring platelet counts is recommended to follow the clinical course [1] . Thrombocytopenia developed rapidly in the baboons after Stx2 whereas platelet counts in Prevention Protocol animals remained within normal ranges. Platelet loss was greater when TVP treatment was delayed, but recovered after the first week post-challenge. When compared to historical dose-response data in this baboon model, platelet counts in Rescue Protocol animals who received 50 ng/kg Stx2 essentially overlay those from baboons who received 10 ng/kg Stx2, which is a mild, non-lethal dose [25] . The thrombocytopenia is not due to a disseminated consumptive coagulopathy, because prolongation of clotting times was modest, indicating sufficient levels of coagulation factors, and fibrinogen levels did not decrease. There is a procoagulant environment, and patients with diarrhea+HUS may have elevated D-dimer and F1+2 levels [32, 33] . Stx induces activation of platelet sub-populations [34] , and expression of adhesion [35] and coagulant molecules [36] on glomerular endothelial cells. However, although procoagulant activity occurs early in HUS patients [33] , there is little evidence to suggest anti-thrombotics are helpful [32, 37] and there is concern of increased bleeding risk. We observed a moderate and slowly progressive anemia in all the baboons, which persisted even in rescued survivors through day 28. HUS patients can become profoundly anemic and ∼80% need erythrocyte transfusions [38] . We do not know the mechanism for prolonged anemia in the baboons, but RBC losses may be due to renal thrombotic microangiopathy, which is characteristic of typical HUS. Consistent with this is the observation that the urine dipstick test for blood invariably showed a homogenous pattern, indicating hemoglobinuria. However, schistocyte increases are modest in our Stx2 model, only 2.8-3.5% by 72-96 h. These observations and the lack of TVP effect suggest an early kidney injury at the cellular level that is not related to survival, but compromises red cell counts. If renal cortical interstitial cells are a target, then low erythropoietin production is possible. Argentina has a high incidence of STEC infection and pediatric HUS, and one study found erythropoietin levels in children with acute diarrhea+HUS to be similar to low levels observed in patients with chronic renal diseases [39] . One clinical study described fewer RBC transfusions in five diarrhea+HUS pediatric patients treated early with erythropoietin [40] . Low erythropoietin levels may explain the anemia in our baboons, but we cannot yet quantify baboon erythropoietin and are pursuing other approaches to evaluate potential Stx2 impact on epo transcription. In the current study, we set the Stx2 dose to be lethal and this probably does not represent a typical toxin load in children with HUS (3-5% mortality), but the baboon toxemia model may be useful for testing efficacy and side effects of therapeutics intended to normalize the hematologic abnormalities caused by Stx.
TVP treatment moderated the systemic inflammation induced by Stx2, but the overall host response was relatively mild. Lipopolysaccharide (endotoxin) is a wellknown pro-inflammatory mediator from Gram-negative bacteria, inducing systemic production of TNFα and other cytokines in humans [41] and baboons [42] through activation of Toll-like receptor 4. The lack of plasma or urinary TNFα in the current study is consistent with essentially undetectable levels of endotoxin in the Stx2 preparations used. It also argues that TNFα is not a required component for the kidney damage inflicted by Stx2. However, most STEC patients do have a robust systemic cytokine response [16, 43] , even though the disease is considered to be a toxemia and patients are not bacteremic. It is very possible that intestinal colonization with bacteria that inflicts tissue injury produces damage-associated molecular pattern molecules (DAMPs) that contribute to patient inflammation as occurs in other inflammatory bowel conditions [44] . Notably, VEGF levels were markedly different between plasma and urine. Plasma levels remained undetectable, whereas urine VEGF increased to 400 pg/ml after toxin, which were reduced to baseline by TVP. These observations suggest local influences contribute to urinary VEGF. Human glomerular epithelia and collecting duct cells have VEGF protein [45] and glomerular capillaries express VEGF receptors [46] . Hypoxia is a well-established VEGF stimulant and local ischemia due to microthrombi may contribute to elevated urinary VEGF. Conceivably, increased urine VEGF could be an early marker of kidney injury, but levels did not increase until 2 days after challenge, well after platelet counts started to decline. Alternatively, bedside measurement of urinary VEGF levels may provide a non-invasive way to monitor treatment efficacy and clinical course.
While informative, this baboon model is a model of Stx toxemia and will not completely replicate the consequences of intestinal infection with STEC bacteria. Although bacteremia is rare and the toxins drive organ injury, we would expect differences in the magnitude and timing of toxin delivery as bacteria colonize the intestine. In addition, neurologic abnormalities are a frequent complication of STEC infection in patients [47] . We occasionally observe seizures or ataxia in the Stx2-challenged baboons, but they are not observed in all animals. Because of the infrequency and lack of quantifiable neural tissue injury marker(s), we do not know if TVP had any effect on the central nervous system. Finally, while Stx1 and Stx2 are primary virulence factors, other bacterial products likely contribute to host responses [48, 49] . Thus, while intravenous TVP administration was effective, it was effective with respect to the Stx2 challenge and not necessarily a bacterial infection. In ongoing studies, we are developing enteric infection models designed to recapitulate responses observed in patients and test therapeutics for dose, timing, and route of administration.
In summary, we show that a small peptide delivered intravenously can protect and rescue nonhuman primates from a lethal dose of Stx2. Even with delayed therapeutic delivery, urine output is preserved, kidney function is protected, and platelet loss is minimized, all of which contributed to a better clinical outcome and improved survival. 
